Local structural changes that accompany amorphization during the decomposition of LiAl(ND 2 ) 4 were investigated by neutron total scattering measurements. Structure factors before the decomposition were attributed to single-phase LiAl(ND 2 ) 4 characterized by isolated [ND 2 ] units. Atomic pair distribution functions after heat treatments at 433 and 673 K showed that LiAl(ND 2 ) 4 decomposed to amorphous mixed phases that contain Li 3 AlN 2 and AlN.
Introduction
Lithium aluminum amide LiAl(NH 2 ) 4 is of interest as a possible hydrogen storage material because the composite material composed of LiAl(NH 2 ) 4 and LiH releases hydrogen gas by 6.1 mass% at temperatures below 400 K. 1) A hydrogen desorption mechanism of the composite has been proposed, but it is still controversial because the decomposition mechanism of LiAl(NH 2 ) 4 is not well-understood. The crystal structure and the thermal decomposition properties of LiAl(NH 2 ) 4 have been investigated. 24 ) An X-ray diffraction study indicated that LiAl(NH 2 ) 4 transforms into an amorphous material upon NH 3 desorption. Furthermore, on the basis of the results of synchrotron X-ray total scattering, in situ infrared spectroscopy, solid-state nuclear magnetic resonance spectroscopy, and thermogravimetry-mass spectroscopy studies, the decomposition process of LiAl(NH 2 ) 4 was suggested as follows: 5) 3LiAlðNH 2 However, the position of hydrogen before and after the decomposition of LiAl(NH 2 ) 4 is not clear because hydrogen atoms are difficult to detect with X-ray diffraction methods, hence, the decomposition process of LiAl(NH 2 ) 4 is still controversial. Our goal in this study is to investigate the detailed structural properties of the decomposition products using neutron total scattering and atomic pair distribution function (PDF) analysis.
6)

Experimental Procedure
The sample preparation of LiAl(NH 2 ) 4 is explained in a previous publication. 7) LiAl(ND 2 ) 4 was similarly prepared using LiD and ND 3 instead of LiH and NH 3 , respectively. For the purpose of structural characterization of the decomposition products, LiAl(ND 2 ) 4 samples heat-treated at 433 and 673 K were prepared using a heating rate of 5 K/min, which was then immediately cooled to room temperature under helium gas flow. LiAl(ND 2 ) 4 (60 mg) was examined before and after the decomposition for an exposure time of 11 h by ex situ neutron diffraction on the neutron total scattering spectrometer (NOVA) (beamline BL21, with a decoupled liquid hydrogen moderator, an incident flight path of 15 m, and a scattered flight path of 1.71.9 m and 1.21.3 m at the 45°(4¯Q (= 2³/d = 4³ sin ª/)¯500 nm ¹1 ) and 90°( 10¯Q¯820 nm
¹1
) detector banks, respectively) connected to the 200 kW spallation neutron source at the Japan Proton Accelerator Research Complex (J-PARC). Scattering data were collected over a lattice spacing range of 0.008 1.6 nm for neutron diffractions at room temperature. The consistency of scattering data was confirmed via standard materials such as silicon (NIST SRM 640d) and mica (NIST SRM 675) powder. Averaged crystal structure refinements over a lattice spacing range of 0.050.63 nm for neutron diffraction at a 90°detector bank were performed by Rietveld refinement using the computer program Z-Rietveld, 8, 9) because the resolutions in a momentum space at the 90°d etector bank (0.6(0.50.7)%) are better than that at the 45°d etector bank (1.2(0.91.5)%). Local structure refinements over a real spacing range of 0.050.50 nm of atomic PDF, G(r), for the neutron scattering profiles were performed by PDF analysis using the computer program PDFgui. 10) To suppress the self-term scattering caused by neutron inelastic incoherent scattering of deuterium, the atomic pair distribution function, G(r), were obtained from the structure factor, S(Q), using the 45°detector bank angle of NOVA. Samples were handled in a glove box filled with purified argon or helium gas (less than 1 ppm oxygen; dew point less than 180 K).
Results and Discussion
The neutron powder diffraction profile of LiAl(ND 2 ) 4 before the decomposition was measured at a 90°bank angle of NOVA, as indicated by the circles in Fig. 1 . In the plotted profile, the contaminations of background intensities from the sample cell and the spectrometer have been subtracted and the neutron attenuation factors of the sample and sample cell have been calibrated. The Rietveld refinement results from the diffraction profiles of LiAl(ND 2 ) 4 for the space group P2 1 /n (no. 14) are indicated by the solid line in Fig. 1 , and the obtained crystal structural parameters are summarized in Table 1 . The structure of LiAl(ND 2 ) 4 is characterized by isolated [ND 2 ] units, as shown in the crystal structure in Fig. 1 . In Table 2 , the first-neighbor distances and angles between nitrogen and hydrogen (deuterium) of Li 2 4 (space group P2 1 /n (no. 14) and Z = 4) obtained by Rietveld refinement using single crystal X-ray and powder neutron diffraction data. The ¡ and £ angles as well as the occupation factors of all the atomic sites were fixed to 90°and 1.0, respectively, in the Rietveld refinement. Numbers in parentheses are estimated standard deviations of the last significant digit. U eq represents the equivalent isotropic atomic displacement parameters calculated from the anisotropic atomic displacement parameters of the X-ray diffraction profile or determined from the refined neutron diffraction profile. R wp , R e , R B , and R F are statistical reliability factors based on the observed intensities, the statistical error associated with the observed intensities, the Bragg intensities, and the structure factor, respectively. Values determined by PDF refinement are also reported in the right side of the obtained from the neutron scattering intensity, which was collected using the 45°detector bank of the NOVA spectrometer. During the heat treatment, the profile drastically changed from sharp diffraction peaks to broad diffuse scattering features, indicating the amorphization of the sample occurred. Figure 3 shows the G(r) functions of LiAl(ND 2 ) 4 before and after the heat treatment. The G(r) function can be obtained by the following Fourier transformation: GðrÞ ¼ ð2=³Þ
Q½SðQÞ À 1 sinðQrÞ dQ ð2Þ
In the present analysis, S(Q) in the range of 10¯Q2 00 nm ¹1 was transformed into G(r) using the program developed by the NOVA instrument group. The G(r) function before the heat treatment indicates the existence of longrange structural order in LiAl(ND 2 ) 4 . A distinct feature was observed in the G(r) profile after the heat treatment: a rapid decrease in the profile with increasing r. This feature reflects the amorphous nature of the sample after the heat treatment. In particular, after the heat treatment at 673 K, G(r) shows no significant signal beyond 2 nm, indicating the absence of long-range structural order.
To compare the local structures, the low-r regions of the G(r) profiles of LiAl(ND 2 ) 4 before and after the heat treatment are shown with simulated patterns of LiAl(ND 2 ) 4 (this work), Li 3 AlN 2 , 15) AlN, 16) LiND 2 14) and Li 2 ND 13) in Fig. 4 . The first peak of all G(r) profiles located at 0.1 nm corresponds to ND distance of the isolated [ND 2 ] units of LiND 2 (0.0967, 0.0978 nm). Therefore, an imide phase was not formed after the heat treatment of LiAl(ND 2 ) 4 . Next, we considered that LiAl(ND 2 ) 4 decomposes to Li 3 AlN 2 and AlN, shown as follows:
The PDF refinements of the G(r) profiles were performed in the region of 0.05¯r¯0.50 nm, which includes more than 500 bonding pairs ( 16) were obtained from the literature. Lattice parameters and thermal factors of all three models were refined. Because the imide phase was not detected after the heat treatment and the other phases were restricted for these phases following (3), the phase ratio was fixed to Li 3 AlN 2 : AlN ¼ 1 : 2. The refined structural parameters and the first-neighbor distances and angles of LiAl(ND 2 ) 4 before heat treatment are summarized in Tables 1 and 2 . The small shoulder observed at ³0.07 nm in Fig. 4(c) is suspected to be the first peak (ND) of Li 2 ND and not of LiAl(ND) 2 , because LiAl(ND) 2 is less stable than Li 3 AlN 2 and AlN; in addition, the corresponding peak was not detected after heat treatment at 433 K (Fig. 4(b) ). Half and almost all of the LiAl(ND 2 ) 4 decomposed at 433 and 673 K, respectively (Table 3) . Therefore, we confirm that LiAl(ND 2 ) 4 decomposes to amorphous mixed phase including Li 3 AlN 2 and AlN. LiAl(ND) 2 , which is metastable, 4) may be formed during the decomposition process. This preliminary report on our local structural analysis, which includes the amorphization reaction, provides fundamental information not only for the decomposition process of LiAl(NH 2 ) 4 but also for the further study of possible hydrogen storage materials.
Conclusions
We have attempted to elucidate the local structural changes that occur during the decomposition process that accompanies the amorphization of LiAl(ND 2 ) 4 using ex situ neutron total scattering measurements and PDF analysis. The structure factors of LiAl(ND 2 ) 4 before the decomposition were characterized by isolated [ND 2 ] units. Atomic pair distribution functions after the heat treatment at 433 and 673 K confirmed that LiAl(ND 2 ) 4 decomposed to amorphous mixed phases containing Li 3 AlN 2 and AlN. 
